To estimate the effects of two different kinds of sugar on soymilk freeze-gel, sucrose and trehalose, respectively, were added to raw untreated soymilk. Soymilk containing sugar was processed to form the freeze-gel. The apparent hardness and gumminess of freeze-gel increased with a relatively low concentration of sucrose or trehalose and reached a maximum of 0.5% for each sugar. On the other hand, the higher the concentration of sugar tested, the more inhibited the gelation became. However, up to 1% the syneresis of the freeze-gel simply decreased with an increase of sucrose or trehalose. NMR relaxation experiments appeared to show that the motion of water molecules gradually slowed with the increase of sucrose, so, although the interactions of water, sucrose and protein, possibly through hydrogen bonding, were complicated, they were significantly related to the formation of the freeze-gel.
Soymilk, an emulsion consisting mainly of soybean proteins and lipids, is used not only as a beverage but also as the main ingredient in tofu (soybean curd) or yuba (sheets of dried soymilk skin). It contains high levels of protein and oil, which have excellent nutritional and functional properties. Many kinds of physiological functions have been reported for soybean (Lichtenstein, 1998; Messina, 1999) , and in Japan soymilk consumption is gradually increasing because of its healthy image.
In our previous paper (Shimoyamada et al., 1999a) , we reported a soymilk freeze-gel which was derived from soymilk through successive heating, precooling and freezing processes without the addition of coagulants such as calcium sulfate, magnesium chloride, or glucono-␦-lactone. The soymilk freeze-gel obtained was similar to soft tofu or yogurt. In these gelation processes, namely the freeze-gelation processes, heating and precooling steps are necessary to form a uniform gel-like texture (Shimoyamada et al., 1999a) . Konstantinova and Lozinsky (1997) reported on cryoptropic gelation of ovalbumin, which is a process of protein gelation that takes place at subzero temperatures. They suggested that reinforcing the denaturation of ovalbumin molecules by adding denaturing agents (e.g. urea) to the solution before freezing is an effective method to obtain cryogel. These data showed that appropriate denaturation of protein molecules by adding of denaturing agents or heating is necessary for the gelation during frozen storage of protein solution. Thermal denaturation is thus utilized for the denaturation of protein molecules in the soymilk freeze-gelation process. The significance of the precooling step for freeze-gelation was also estimated (Shimoyamada et al., 1999b) , and it was found to be essential for soymilk to be kept in a supercooled state during the precooling so as to induce small ice crystal formation. The uniform distribution of small ice crystals was believed necessary to form a gel-like texture.
Interaction of protein molecules in these aggregation processes has been widely investigated in past years. Disulfide, hydrophobic and electrostatic interactions are considered important for heat induced gelation (German et al., 1982; Utsumi et al., 1984) . In insolubilization of soybean protein solutions by freezing, disulfide bond formation and exchange were reported to be essential intermolecular interactions (Hashizume et al., 1971) , while hydrophobic interactions were considered more important for cold gel formation (Soeda, 1994) . In the case of the freezegel, the effects of sodium sulfite and sodium dodecylsulfate were evaluated, and disulfide and hydrophobic interactions were thought to be strongly related to the formation of a freeze-gel texture (Shimoyamada et al., 2000) . Effects of other interactions among soymilk constituents on the freeze-gelation also interested us, so it was decided that the effect of sugar on the soymilk freeze-gelation would be estimated in order to evaluate hydrogen bonds. Sucrose and trehalose were chosen, because they are nonreducing sugars and barely react to proteins through Maillard reaction (Friedman, 1996) ; also, they have often been reported to protect proteins from freeze denaturation (Arakawa & Timasheff, 1982) . Since these sugars are thought to stabilize the proteins through such interaction as hydrogen bonds, their behavior during freeze-gelation is of interest. In this study, the effect of sucrose and trehalose on freeze-gelation stages of soymilk was characterized, and the interaction of water, sucrose and proteins and its significance preliminarily discussed.
Materials and Methods
Preparation and freeze-gelation of soymilk Raw soymilk (protein, 6.5%) was manually prepared as described (Shimoyamada et al., 1999a) . Raw soymilk preparation was mixed with sucrose or trehalose (0-1 wt% of soymilk), then heated in an autoclave at 110˚C for 3 min. The heated soymilk was put into individual plastic tubes (54¥27 mm i.d.; 30 ml each), and stored in a temperature-controlled refrigerator. The soymilk samples were first cooled at -5˚C for 2 h then frozen at -20˚C for 14 days as described (Shimoyamada et al., 1999a) . The freeze-stored soymilk was thawed in a water bath at 30˚C.
Texture analysis Texture analysis of the freeze-gel was carried out using a rheometer (Rheoner RE3305, Yamaden Co.). The soymilk freeze-gel containing sucrose or trehalose was placed in a plastic vessel (50¥30 mm i.d.; sample height; 30 mm) and compressed with a cylindrical plunger (16 mm o.d.) to 75% of the original sample height at a rate of 1 mm/s without removing the sample from the container. The compression test was repeated twice, and clearance was 5 mm. The apparent parameters, i.e. hardness, cohesiveness and adhesiveness (Saio et al., 1969) were determined by Texture Analysis software (version 2.0, TAS-3305-16, Yamaden Co.).
Estimation of syneresis Syneresis was calculated by weight of water removed from the thawed soymilk freeze-gel (54¥27 mm i.d.) left on a petri dish at room temperature for 1 h.
Relaxation experiments by 1 H-NMR 1 H-NMR spectra were recorded by a Unity Inova400 ( 1 H at 400.0 MHz; Varian Co., Ltd.). The longitudinal relaxation time (T 1 ) was measured by an inversion recovery experiment, and the transverse relaxation time (T 2 ) was measured by the Carr-Purcell Meiboom-Gill (CPMG) spin echo experiment.
Results and Discussion
Freeze-gel from sucrose-or trehalose-added soymilk Figure 1 shows the appearance of freeze-gel made from sucroseadded soymilk. The 0.5% sucrose-added soymilk formed firmer freeze-gel (Fig. 1A) than soymilk without added sugar (Fig. 1D ). This gel seemed to be optimally stabilized compared with the other samples prepared. However, with a further addition of sucrose (1.0%) the gel became destabilized and showed cracks and collapse of the gel structure (Fig. 1B) . With the increase of sucrose, the gel became weaker, and with the addition of 2% sucrose, its structure collapsed almost entirely (Fig. 1C) . The results with trehalose were the same (data not shown). Thus, relatively small amounts of sucrose improved the gel stability, but larger amounts inhibited the freeze-gelation of soymilk. The total soluble-sugar content of raw soymilk was determined to be about 0.6% using trichloroacetic acid precipitation and the phenol-sulfuric acid method (Dubois et al., 1956) , so the gel which showed the highest hardness was formed with about 1% sugar concentration in soymilk, if one uses hypothesis that sugar in soybeans composed primarily of sucrose and a small amount of oligofructoside.
Texture analysis of sucrose-added freeze-gel The soymilk freeze-gel was subjected to texture analysis, and the results are shown in Fig. 2 . The parameters were calculated from the data using the software listed previously. However, these measurements were carried out in the same vessel, so each parameter was viewed as an apparent value. In a previous paper (Shimoyamada et al., 1999a) , the freeze-gel showed a very low breaking stress (about 1000 N/m 2 ). The texture analysis showed that each parameter of the freeze-gel was very low and had a similarity to some kinds of commercial yogurt (data not shown), although only apparent parameters were calculated. The apparent hardness of the freeze-gel increased with an increase of sugar concentration (Fig. 3A) . Hardness rose by about 40% with 0.5% of sucrose added compared to gel without sucrose addition. However, with a further increase of sucrose, the hardness was less. For trehalose, the same phenomenon was found but the slope was somewhat smaller than that for sucrose.
An apparent cohesiveness and gumminess also rose with the addition of small amounts of sugar, and reached its maximum 0.5% with addition of sucrose and trehalose (Figs. 3B and 3C ). Gumminess especially increased about 1.6 to 1.7 times for the freeze-gel without an addition of sugar, while the apparent adhesiveness (Fig. 3D) decreased with the addition of sucrose or trehalose and reached a minimum at 0.5% of added sugar. All of the parameters calculated showed maximum or minimum with 0.5% sugar added to the soymilk. Given the amount of natural sugar contained in soymilk before an experiment is conducted, about 1% of sugar addition was considered optimum for the freezegelation of the soymilk. Trehalose had less effect on the freezegelation. One reason for this different effect on gel formation between the two sugars might be related to the molecular structures which cause different interactions. However, another reason might be the fact that soymilk contains mainly sucrose, but not trehalose. One could postulate that the added sucrose (0.5%) might enhance the effect in tandem with the sucrose (0.6%) already present in soymilk. With trehalose, this tandem effect is absent.
Behavior of water in sugar-added freeze-gel The syneresis of soymilk freeze-gel gradually decreased with an increase of added sucrose or trehalose (Fig. 4) . With 1.0% sucrose, the syneresis was about 80% of the gel without sucrose added. The effect of an addition of trehalose was also a little less than that of sucrose. This data differed from the results of the texture analy- sis.
The addition of 1.0% sucrose to the soymilk freeze-gel resulted in the inhibition of the gel matrix formation which was characterized using texture analysis; but, simultaneously, there was decreased syneresis of the gel. To characterize this phenomenon, the samples were subjected to NMR experiments to evaluate relaxation times, apparent T 1 and T 2 of sucrose-added soymilk and freeze-gel (Figs. 5 and 6 ). From the data of relaxation time, mobility of water molecules in sucrose-added soymilk or its freeze-gel was analyzed, and interactions between water molecules were considered. Generally, relaxation time of 1 H of water is slightly inaccurate because of exchangeable protons in water, sucrose and protein molecules; therefore, measurement of the relaxation time of H 2 17 O is recommended. The T 1 of 17 O of water was also measured and yielded almost the same results (data not shown), so measurements were done by 1 H nucleus. The T 1 values of both soymilk and the freeze-gel decreased with an increase of sucrose (Fig. 5) . The freeze-gel showed a little lower T 1 s than soymilk. This data suggests that the mobility of water molecules became less with the addition of sucrose. The mobility decreased with an increase of sucrose up to 1%, similar to the syneresis but differing from the result of texture analysis of the gel. The decrease of water mobility in soymilk may have been due to an interaction of water molecules through hydrogen bonds when sucrose was added.
The T 2 values also decreased with an addition of sucrose (Fig.  6) . From these data, water mobility is thought to decrease through hydrogen bonds between water and sucrose molecules. The T 2 of water proton in the gel decreased more than that of the soymilk; also, water mobility became less in gel with the addition of sucrose. The interaction of water molecules was believed to differ between the soymilk and the gel. It is possible that these differences were caused by the state of proteins: whether they were stable as colloidal dispersion in soymilk, or insoluble as the gel matrices in the freeze-gel. Considering T 2 of the gel, the interaction between water molecules and the gel matrix, which was made up of heat-denatured soy proteins, was also enhanced with a greater addition of sucrose. According to Berendsen (1992) , in a macroscopically disordered system T 2 of water molecules which diffuse slowly between locally ordered regions decreases but T 1 is not affected at all. Since T 2 of water decreased more than T 1 in the gel with the increase of sucrose, the freeze-gel is expected to have the locally ordered regions shown by Berendsen, possibly constituted of the interactions between water and sucrose. The data in these experiments suggested that the hydrogen bonds may affect the freeze-gelation but the influence might be slightly different for other interactions (e.g., disulfide bond or hydrophobic interaction).
Sugar is known to stabilize proteins during heat treatment. Denaturation temperatures (T m ) of whey proteins and bovine serum albumin (BSA) increase with an increase of sucrose concentration (Kulmyrzaev et al., 2000; Baier & McClements, 2001) . In this experiment, sucrose added to soymilk may also have stabilized soy proteins during heating. Sucrose was reported to increase T m of whey proteins only by 6-8˚C with 40% sucrose in the solution (Baier & McClements, 2001 ). The increase of T m of soy proteins was expected to be about ~0.1˚C with a 1% sucrose addition. Therefore, sucrose hardly affected the heat denaturation temperature of the soy proteins because it was heated to 110˚C and remained at that temperature for 3 min. It is possible that the denatured states of the proteins in sucrose-added soymilk may have caused some potent differences from that of soymilk without sucrose addition, so further research is needed.
From our data, the addition of a relatively small amount of sucrose improved freeze-gelation and water retention in the gel matrices. This may have resulted from the interaction through hydrogen bonds between the sucrose, water and probably protein. Kulmyrzaev et al. (2000) also reported that sucrose stabilized the gel structure and emulsion of whey proteins by heating, and this report coincides with the present data. However, an increase of sucrose inhibited formation of the gel matrix, but gradually decreased the syneresis. Gekko et al. (1999) reported that polyols like sorbitol stabilized the protein structure but destabilized the gel structure. The same authors speculated that the thermal stabilization of proteins could be responsible for the strengthening of intramolecular hydrophobic interaction, and that this interaction of denatured protein would be simultaneously stabilized to enhance the association or entanglement of the peptide chains, where gel formation was enhanced. However, they believed that the intermolecular hydrophobic interaction of the soy protein serves to depress the three-dimensional expansion of the polypeptide chains, leading to a decrease in the probability of cross-link formation (peptide-peptide hydrogen bonds). In our result, larger amounts of sucrose enhanced the hydrophobic interactions among proteins, so it suppressed the cross-link formations, which were formed by hydrogen bonds between proteins to create an insufficient gel structure.
